How AGN feedback drives the size growth of the first quasars by van der Vlugt, Dieuwertje & Costa, Tiago
MNRAS 000, 1–18 (2019) Preprint 15 October 2019 Compiled using MNRAS LATEX style file v3.0
How AGN feedback drives the size growth of the first
quasars
Dieuwertje van der Vlugt1? & Tiago Costa2,1
1Leiden Observatory, Leiden University, P.O. Box 9513, 2300 RA Leiden, the Netherlands
2 Max-Planck-Institut fu¨r Astrophysik, Karl-Schwarzschild-Straße 1, D-85748 Garching b. Mu¨nchen, Germany
15 October 2019
ABSTRACT
Quasars at z = 6 are powered by accretion onto supermassive black holes with masses
MBH ∼ 109 M. Their rapid assembly requires efficient gas inflow into the galactic nu-
cleus, sustaining black hole accretion at a rate close to the Eddington limit, but also
high central star formation rates. Using a set of cosmological ‘zoom-in’ hydrodynamic
simulations performed with the moving mesh code Arepo, we show that z = 6 quasar
host galaxies develop extremely tightly bound stellar bulges with peak circular veloc-
ities 300 − 500 km s−1 and half-mass radii ≈ 0.5 kpc. Despite their high binding energy,
we find that these compact bulges expand at z < 6, with their half-mass radii reaching
≈ 5 kpc by z = 3. The circular velocity drops by factors ≈ 2 from their initial values
to 200 − 300 km s−1 at z ≈ 3 and the stellar profile undergoes a cusp-core transforma-
tion. By tracking individual stellar populations, we find that the gradual expansion
of the stellar component is mainly driven by fluctuations in the gravitational poten-
tial induced by bursty AGN feedback. We also find that galaxy size growth and the
development of a cored stellar profile does not occur if AGN feedback is ineffective.
Our findings suggest that AGN-driven outflows may have profound implications for
the internal structure of massive galaxies, possibly accounting for their size growth,
the formation of cored ellipticals as well as for the saturation of the MBH − σ? seen at
high velocity dispersions σ?.
Key words: methods:numerical - quasars: supermassive black holes - cosmology:
theory - galaxies: evolution
1 INTRODUCTION
Detections of bright quasars at z > 6 show that supermas-
sive black holes with masses MBH & 109 M assemble in
less than a Gyr after the Big Bang (e.g. Fan et al. 2004;
Willott et al. 2010; Mortlock et al. 2011; Venemans et al.
2013; Gallerani et al. 2017). The most distant quasar known
has z = 7.5 (Ban˜ados et al. 2018), while the most massive
black hole at z > 6 has MBH & 1010 M (Wu et al. 2015).
The extreme conditions which are likely required to account
for such rapid black hole growth provide interesting testbeds
for models of black hole accretion and its associated active-
galactic-nucleus (AGN) feedback.
If the main growth channel is accretion of interstellar
gas, the black hole accretion rate must be close to the Ed-
dington limit for a significant fraction of the Hubble time
at z > 6 even if black hole seeds are massive (e.g Sijacki
et al. 2009). For lower mass seed black holes, prolonged
episodes of super-Eddington accretion rates are likely re-
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quired to achieve rapid enough black hole growth. Such con-
straints require supermassive black holes to reside in galaxies
where gas in-fall towards their nuclei is sustained, a condi-
tion which is most easily satisfied if their host dark matter
haloes are massive with MDM & 1012 M (Efstathiou & Rees
1988; Volonteri & Rees 2006; Costa et al. 2014).
Cosmological hydrodynamic simulations following black
hole growth as well as the impact of energy deposition by
the quasar (AGN feedback) have succeeded in forming mas-
sive black holes with MBH & 109 M by z = 6 (Sijacki et al.
2009; Di Matteo et al. 2012; Costa et al. 2014). The efficient
in-fall of gas into the galactic nucleus necessary to sustain
black hole growth, however, also likely triggers powerful cen-
tral starbursts and the formation of compact stellar bulges
characterised by extreme stellar velocity dispersions σ∗. In
their high resolution cosmological simulations, Dubois et al.
(2012) find galaxies with stellar bulges with σ∗ > 600 km s−1
measured within ≈ 500 pc embedded within haloes with virial
mass Mvir & 1012 M at z > 6. The compact sizes are at-
tributed to their special location at the intersection between
© 2019 The Authors
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multiple large-scale cold gas filaments, a configuration which
leads to efficient angular momentum cancellation.
Extremely compact galaxies appear to be the general
outcome of galaxy formation in massive haloes at z & 6.
Costa et al. (2015) show, using similar simulations, that
’compact bulges’ with peak circular velocities & 500 km s−1
form even in the presence of supernova and AGN feedback.
Using ∼ 10 pc resolution simulations, Curtis & Sijacki (2016)
find peak circular velocities as high as ≈ 900 km s−1 for the
’compact bulge’ at z ≈ 5, while Di Matteo et al. (2017) show
that extremely compact galaxies assemble already by z = 8.
Based on the extreme binding energy of these systems,
we are led to question whether they may be able to sur-
vive down to lower redshift. Using the Illustris simula-
tions, Wellons et al. (2016) identify various evolutionary
paths for high-z massive, compact galaxies. These include
(i) the survival of the core within a subsequently accreted
stellar envelope, (ii) its destruction in a major merger, (iii)
its consumption by a more massive galaxy and (iv) its undis-
turbed survival down to z = 0. In addition, Wellons et al.
(2016) find that the compact galaxies grow both in mass and
size, which they attribute to accretion of ex-situ stars, a pro-
cess identified in earlier work (Naab et al. 2009; Oser et al.
2010; Johansson et al. 2012). According to these studies,
most descendants of high-z massive, compact galaxies are
no longer compact at z = 0. Whether and how this picture
may change for the extreme systems which form in high-σ
peaks at z > 6, however, remains unexplored.
Previous studies have proposed quasar feedback itself
as a mechanism for galactic growth (e.g. Fan et al. 2008).
In this scenario, successive episodes of rapid ejection of gas
from a massive galaxy lead to gravitational potential fluc-
tuations and the expansion of the collisionless component
(see also Navarro et al. 1996; Ragone-Figueroa & Granato
2011; Teyssier et al. 2013; Pontzen & Governato 2014; Ogiya
& Mori 2014; Penoyre et al. 2017). Others have proposed
‘positive feedback’ as a possible channel for massive galaxy
growth (Ishibashi et al. 2013).
In this paper, we investigate the fate of the compact
galaxies hosting bright z > 6 quasars down to z = 3.3, using
a suite of zoom-in simulations targeting massive Mvir & 3 ×
1012 M haloes at z = 6. We start by describing our suite of
simulations in Section 2 and then present our main findings
in Section 3. The implications of our results are discussed
in Section 4 and our main conclusions are summarised in
Section 5.
2 SIMULATIONS
We perform cosmological, ‘zoom-in’, hydrodynamic simula-
tions targeting the five most massive haloes found in the
dark matter-only Millennium simulation (Springel et al.
2005) at z = 6.2 and follow their evolution down to z = 3.
These haloes represent high-σ fluctuations of the cosmic
density field (see Table 2 for a list of their main properties)
and are massive enough to ensure rapid black hole growth
(Costa et al. 2014). We assume a ΛCDM cosmology with
parameters h = 0.73, Ωm = 0.25, ΩΛ = 0.75, Ωb = 0.041,
identical to the parent Millennium simulation, but a lower
σ8 value of 0.8, in better accordance with the Planck cos-
mology (Planck Collaboration et al. 2014).
Table 1. Main numerical parameters in our simulations. The
first, second and third column give the mass of high-resolution
dark matter particles, the target mass of gas cells and the mass
of stellar particles, respectively. The gravitational softening length
is given in comoving units in the fourth column. In the redshift
range investigated here, this corresponds to 150 - 400 physical pc.
The minimum cell size is given in the fifth column.
mdm mgas m? soft ∆x
(h−1Mh) (h−1M) (h−1M) (h−1ckpc) (pc)
6.8 × 106 1.8 × 106 1.3 × 105 1 22
2.1 Numerical Setup
The numerical setup of our simulations is identical to that
of Costa et al. (2015) and is here only briefly summarised.
Our cosmological simulations are performed with the
moving-mesh code Arepo (Springel 2010) and consist of
‘zoom-ins’ of the most massive haloes found in the Millen-
nium volume (Springel et al. 2005) at z = 6.
Besides the collisionless dynamics of dark matter and
stellar populations, our simulations follow the hydrodynamic
evolution of gas on an unstructured Voronoi mesh using a
second-order finite volume scheme. Explicit refinement and
de-refinement is employed in order to maintain the masses
of gas cells within a factor of two of a target mass, here
chosen to be mgas = 1.8 × 106 h−1M (see Table 1 for a list
of the main numerical parameters of our simulations). The
geometry and size of the fluid patches is adapted to higher
density regions thereby concentrating resolution elements in
the densest regions. For example, in Halo1 cells can be as
small as 22 pc at z = 6.2 and ≈ 1.5% of the cells within
the virial radius of Halo1 can be classified as ‘small cells’
(≤ 2×∆x, see Table 1). Individual high-resolution dark mat-
ter particles have a mass mdm = 6.8 × 106h−1 M and the
stellar particles have m? = 1.3 × 105h−1 M. We use a fixed
comoving gravitational softening soft = 1h−1 ckpc, which
means their physical gravitational softening increases with
time. We also perform a simulation, in which we maintain
a constant physical gravitational softening below z = 6. For
the gas component, the gravitational softening length scales
with the gas cell size, but is never allowed to be smaller than
the collisionless gravitational softening.
We follow radiative cooling for a hydrogen and he-
lium gas in collisional ionization equilibrium as in Katz
et al. (1996), subjected to a spatially constant, but time-
dependent UV background with reionization occurring at
z ≈ 6 (Faucher-Gigue`re et al. 2009). Metal-line cooling is
treated as in Vogelsberger et al. (2013) with the minimum
temperature down to which gas is allowed to cool radiatively
set to 103 K.
We follow Springel & Hernquist (2003) to model star
formation and associated feedback. Stellar particles are
spawned stochastically out of gas particles with number den-
sity exceeding a threshold n0 = 0.13 cm−3 and with temper-
atures T < 105 K. Star-forming gas follows an effective equa-
tion of state resulting from the balance of radiative cooling
and cold cloud evaporation within the unresolved interstellar
medium.
Supernova-driven winds are modelled following Springel
& Hernquist (2003); Vogelsberger et al. (2013), i.e. a gas is
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launched from star forming regions at a rate of ÛM = η ÛM?,
where ÛM? is the star formation rate and η is the mass-loading
factor. Gas cells ejected from a star-forming region are con-
verted into wind particles and launched isotropically. We
assume a mass loading factor of η = 1 and kick-velocity of
1200 km s−1 (as in Costa et al. 2015). Wind particles inter-
act with other matter components only gravitationally until
they travel to a region where the local density drops below
0.05n0 or a maximum travel time is reached. When either of
these criteria are met, the wind particle’s mass, metalicity,
momentum and energy are deposited into its host gas cell.
Black holes are modelled as sink particles. Black hole
accretion occurs at scales much smaller than cosmological
simulations typically can resolve. Resolving the radius at
which accretion takes place requires pc resolution which is
∼ 2 orders of magnitude lower than the resolution of our
simulations. This means we cannot resolve transfer of an-
gular momentum, gas collapse or even the structure of in-
falling material. The unresolved physics of accretion is there-
fore also modelled in a subgrid fashion following Springel
et al. (2005) and Di Matteo et al. (2005). The accretion
is assumed to be of a Bondi-Hoyle-Lyttleton type. Assum-
ing this type of prescription has the advantage that it
is a relatively simple parametrisation of black hole accre-
tion. In addition, this type of accretion is commonly as-
sumed in almost every state-of-the-art cosmological simu-
lation (e.g., in EAGLE (Schaye et al. 2015), HORIZON-
AGN (Dubois et al. 2014),ILLUSTRIS-TNG (Weinberger
et al. 2017), MASSIVE-BLACK (Di Matteo et al. 2012),
BLUE-TIDES (Feng et al. 2016)) with the exception of the
SIMBA simulations (Dave´ et al. 2019). This allows us to
connect our results with other studies.
The accretion rate is capped at the Eddington rate for
each black hole. The accretion rate is given by
ÛMBH = min
[
4piαG2M2BHρgas
(c2s + v2)3/2
, ÛMedd
]
, (1)
where α is a dimensionless parameter, set to a value of 100,
that is introduced to recover a volume coverage of the Bondi
rates for the cold and hot interstellar medium phases, ρgas
and cs are the density and sound speed of the gas surround-
ing the black hole, respectively, v is the speed of the black
hole particle relative to the local gas speed and G is the
gravitational constant. The sound speed and density are es-
timated locally at the position of the black hole particle by
taking an SPH average over its 64 nearest gas cell neigh-
bours.
The Eddington accretion rate used to find the accretion
rate is defined as
ÛMedd =
4piGMBHmp
rσTc
, (2)
where mp is the proton mass, σT the cross-section for Thom-
son scattering, c the speed of light and r the radiative effi-
ciency. We set r to the standard value of 0.1
We seed haloes with a virial mass M200 = 1010h−1M
with seed black hole particles with mass 105h−1M. Only one
such particle is allowed to form per halo. Besides accretion,
every black hole is allowed to grow by merging with other
black holes that fall within its smoothing length, evaluated
by averaging over the properties of the 64 nearest gas cell
neighbours, and have a relative velocity lower or comparable
to the local sound speed.
We model AGN feedback at all mass accretion regimes
through an isotropic coupling of a small fraction of the AGN
bolometric luminosity to the surrounding gas cells as in Di
Matteo et al. (2005); Sijacki et al. (2009) or as in the ‘quasar
mode’ feedback used in ILLUSTRIS (Vogelsberger et al.
2013) and ILLUSTRIS-TNG (Weinberger et al. 2017) sim-
ulations. Thermal energy is injected continuously into the
64 nearest gas cells at a rate given by
ÛEfeed =  f Lbol = fr(1 − r)−1 ÛMBHc2 , (3)
where  f is the feedback efficiency, set to 0.05, which repro-
duces the normalisation of the MBH − σ? relation, the cor-
relation between the black hole mass and the stellar veloc-
ity dispersion, in fully cosmological simulations (Di Matteo
et al. 2005; Sijacki et al. 2007; Di Matteo et al. 2008).
2.2 Simulation sample
We perform a total of 8 simulations, in which we explore
the evolution of the targeted galaxies after their z = 6
quasar phase in different environments. Our fiducial sim-
ulations are named Halo1 to Halo5 and these haloes are
simulated till z = 3.3. We also re-run simulations for Halo1
with a modified setup: (i) switching off black hole accre-
tion and AGN feedback at z = 5.2, (ii) excluding black hole
growth and AGN feedback altogether and (iii) switching to
fixed physical (as opposed to comoving) softening lengths
at z = 6. These simulations are named, respectively, Halo1-
weakAGN, Halo1-NoAGN and Halo1-Soft. Halo1-NoAGN is
also simulated till z = 3.3 whereas Halo1-weakAGN and
Halo1-Soft, simulations with finer time-steps, are only run
till z = 4.5.
3 RESULTS
Here we present the main results from our simulations and
analysis. We start with a qualitative description of the evo-
lution of the quasar host galaxies in our simulations.
3.1 Overview
The properties of the galactic haloes targeted by our simu-
lations at z = 6 are summarised in Table 2. The total halo
masses are all on the order of a few 1012 M. Their central
black holes have grown to masses 5×108−109M as has been
seen in previous simulations (Sijacki et al. 2009; Di Matteo
et al. 2012; Costa et al. 2014).
By z = 3.3 the total halo masses all grow to ∼ 1013 M,
the central black holes masses at this redshift lie in the range
7× 109 − 9× 109M (see second part of Table 2). The stellar
mass within the stellar half mass radius, as predicted by
SUBFIND (Springel et al. 2001), is ≈ 2.3×1010M at z = 6.2
and reaches ≈ 1.5 × 1011M at z = 3.3. For comparison, in
the simulation without AGN feedback, the targeted galaxy’s
stellar mass grows from a comparable ≈ 2.2 × 1010M at
z = 6.2 to a significantly higher value of ≈ 6.2 × 1011M at
z = 3.3.
The typical cosmological environment of the targeted
MNRAS 000, 1–18 (2019)
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Figure 1. Illustration of the typical cosmological environment of the targeted haloes with AGN feedback in the simulation. The first row
shows mass-weighted density and temperature projected along a slab of thickness 2h−1 cMpc. The second row is a zoom-in of the first row
projected along a slab of thickness 200h−1 ckpc. The left-hand panels show the environment at z = 6.2 and at the right-hand panels show
the environment z = 3.3. The stellar maps of the central galaxy in the simulation with and without AGN feedback at the bottom of the
figure are projected along a slab of thickness 100h−1 ckpc, sizes are in physical coordinates. The contours represent the surface density of
bulge stars (see text for definition) and correspond to 5, 100, 700 M pc−2 surface density levels, where the thickest contour corresponds to
the highest surface density.
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Table 2. Main properties of the sample of the 6 haloes followed by our simulations, evaluated at z = 6.2 and z = 3.3 in, respectively, the
top and bottom table. We list the mass of the most massive black hole present in each volume (second column), the total mass within
the virial radius (third column), virial radius (fourth column), the virial temperature (fifth column) of its parent halo, the total star
formation rate within the virial radius (sixth column) and the stellar half mass radius as predicted by SUBFIND (seventh column).
Simulation at z = 6.2 MBH M200 R200 T200 SFR200 V200 Reff
(×108M) (×1012M) (kpc) (×106 K) (Myr−1) (km s−1) (kpc)
Halo1 8.81 3.97 70.0 4.01 352.82 494.14 1.16
Halo1-NoAGN - 3.97 70.0 4.24 396.59 494.02 1.05
Halo2 9.12 1.81 59.85 4.03 215.0 422.61 0.80
Halo3 17.8 3.73 68.54 3.25 237.56 483.92 0.59
Halo4 7.43 3.18 64.96 3.24 520.49 458.68 0.91
Halo5 9.66 1.95 55.21 3.02 70.81 389.78 0.76
Simulation at z = 3.3 MBH M200 R200 T200 SFR200 V200 Reff
(×108M) (×1012M) (kpc) (×106 K) (Myr−1) (km s−1) (kpc)
Halo1 85.0 31.2 230.03 8.71 1434.12 764.26 6.16
Halo1-NoAGN - 31.7 231.08 7.07 2418.61 767.77 0.64
Halo2 80.8 20.8 200.92 9.72 93.38 667.10 6.73
Halo3 74.4 20.4 199.61 7.52 199.35 662.76 5.52
Halo4 86.1 21.1 201.81 9.20 238.41 670.08 7.63
Halo5 69.3 22.1 205.01 8.84 194.9 680.70 7.98
haloes is illustrated in Fig. 1, where we show the mass-
weighted density and temperature projected along a slab
of thickness 2h−1 cMpc and 200h−1 ckpc, in the top and the
second row respectively, at z = 6.2 (left-hand panels) and at
z = 3.3 (right-hand panels). The massive galaxy resides at
the intersection of a number of filaments which feed it with
cold gas, as seen in previous simulations (Sijacki et al. 2009;
Di Matteo et al. 2012; Dubois et al. 2012; Costa et al. 2014).
Remarkably, the orientation of the filaments changes little
between z = 6.2 and z = 3.3, though it is clear that a diffuse
component becomes prominent at z = 3.3, when the density
field is overall smoother and much of the gas settles into a
stable, hot atmosphere. This hot component forms through
accretion shocks as well as through repeated cycles of AGN
heating. The cold filaments that connect the cosmic web to
the central galaxy at z = 6.2 are more clearly disrupted at
z = 3.3. We find that such filaments become disrupted be-
tween z = 5.3 and z = 3.9 for all haloes including the halo
without AGN feedback.
Due to its compact size, the quasar host galaxy is barely
noticeable in the density projection at z = 6.2. In contrast,
at z = 3.3, it clearly takes the shape of a larger disc, seen
edge-on in the inset. The galaxy be seen as a cold, compact,
disc surrounded by a large mass of cold, dense gas.
Just through visual inspection, it is clear that the tar-
geted galaxy experiences substantial size growth, as illus-
trated by the stellar surface density maps in the bottom
panels of Fig. 1. In the top row, we show the stellar distri-
bution in our default setup (with AGN feedback) at z = 6.2
on the left-hand side, and at z = 3.3 on the right-hand side.
While the galaxy appears as a flattened spheroid of ∼ kpc
radius at z = 6.2, it has a size & 5 kpc at z = 3.3.
The bottom row shows the results for the simulation
without AGN feedback. In contrast to our default simula-
tion, the galaxy appears to experience less significant size
growth and its surface density remains high and centrally
concentrated. The maximum stellar surface density for the
galaxy without AGN feedback is 2.3 × 106 Mpc−2 which is
≈ 66 times higher than the maximum found for the galaxy
with AGN feedback.
The contours in the projected stellar maps show the sur-
face density of the stars that make up the ‘compact bulge’ at
z = 6.2. Each stellar particle has a unique ID that allows it
to be traced back- and forward in time in the simulation. We
select the stars inside the stellar half mass radius (1.2 kpc) at
z = 6.2 as proxy for ‘compact bulge’ stars, extract their IDs
and identify their location at z = 3.3. The contours corre-
spond to 5, 100, 700 M pc−2 surface density levels, where the
thickest contour corresponds to the highest surface density.
At z = 6.2, the ‘compact bulge’ stars are, by construction,
concentrated within the stellar half mass radius of ≈ 1 kpc
and there is little difference between simulations with and
without AGN feedback. While, at z = 3.3 the bulge stars
in the galaxy without AGN feedback are less concentrated
than at z = 6.2, they remain within a radius of ≈ 3 kpc,
a factor three larger than at z = 6.2. More strikingly, in
the galaxy with AGN feedback, the ‘compact bulge’ stars
are significantly more spatially extended. The radius of the
outer contour is ≈ 8 kpc.
Thus, despite the remarkable compactness of quasar
host galaxies at z = 6.2, some process leads to the expan-
sion of the ‘compact bulge’ and the migration of its stellar
populations to the outskirts of the galaxy. We have shown
that this process is much more significant in the presence of
AGN feedback, which, as explained in Section 2.1, operates
solely via thermal, ‘quasar mode’ feedback at all regimes.
We thus now explore how quasar-driven outflows shape the
evolution of the quasar host galaxies.
3.2 The impact of AGN feedback on the
properties of the quasar host galaxy
Here, we investigate how strongly AGN feedback influences
the evolution of quasar host galaxies and their host haloes.
MNRAS 000, 1–18 (2019)
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Figure 2. Total stellar mass-halo mass ratio versus halo mass for
the five haloes shown with the abundance matching constraints
of Moster et al. (2013) for z = 6.2, z = 4.5 and z = 3.3 (shown
with dashed lines). The colour-coded symbols show the redshift
evolution of the haloes. The shaded area shows the plausibility
range of the stellar mass-halo mass at z = 3.3 as in Moster et al.
(2013). There is good agreement between the simulated galaxies
and the abundance matching constraints, though the simulated
galaxies lie somewhat above the Moster et al. (2013) relation at
z = 3.3. If AGN feedback is excluded (open symbols), then the
discrepancy between simulations and abundance matching con-
straints widens significantly. Note that at z = 6.2 the symbols of
Halo1 and Halo1-NoAGN overlap.
3.2.1 Stellar mass vs. halo mass
We link the stellar mass in the halo to the halo mass
and compare these with existing abundance matching con-
straints. In Fig. 2 we plot the stellar mass-halo mass ratio
against halo mass. The colour-coded symbols show the evo-
lution of the haloes with redshift and the coloured lines indi-
cate the redshift dependent relation found by Moster et al.
(2013) for z = 6.2, z = 4.5 and z = 3.3. For the stellar
mass and total halo mass, we use the values as predicted by
SUBFIND.
We see that the simulations match the observational
constraints well at z = 6.2 and z = 4.5. This agreement,
however, breaks down at z = 3.3 (blue coloured symbols)
and it is clear that our massive galaxies form stars too ef-
ficiently, when compared to the abundance matching con-
straints. However, the stellar mass fractions of the simu-
lated haloes are in much better agreement with the ob-
served relation than in the simulation without AGN feed-
back. In the latter, the halo forms an order of magnitude
more stars than expected based on the abundance match-
ing constraints, while we see a disparity of only a factor two
when we include AGN feedback.
Thus, up until the later stages of our simulations, galaxy
stellar masses appear reasonable and, if anything, AGN feed-
back appears to be too weak. This is not surprising as con-
tinuous thermal energy injection is known to suffer from nu-
merical radiative losses at the resolution typically achieved
by even ‘zoom-in’ cosmological simulations (Booth & Schaye
2009; Weinberger et al. 2018). The main point here, however,
is that if AGN feedback is indeed responsible for the expan-
sion of the galaxies’ ‘compact bulges’, this is unlikely to be
because AGN feedback is unrealistically strong.
3.2.2 Black hole mass vs. stellar mass
Another relation that tests our implemented feedback model
is the black hole mass - stellar mass relation. Fig. 3 shows
the black hole mass as a function of total stellar mass in our
various simulated haloes. The colour-coded symbols show
the redshift evolution of the most massive black holes located
in the nuclei of the most massive galaxies in each simulation.
The black symbols give the values of 7 other massive black
holes in every simulated environment and these are taken at
the same redshift as the colour-coded ones.
While the slope is in good agreement with the local
relation, the normalisation appears to be higher by a fac-
tor of ≈ 3. It has been claimed that observed high redshift
black holes are, typically, over-massive at fixed galaxy mass
(e.g., Volonteri & Stark 2011) and that there can be signifi-
cant redshift evolution in various MBH− galaxy relationships.
Merloni et al. (2010) propose that MBH −Mstars evolves with
redshift as ∝ (1+ z)0.68, while Decarli et al. (2010) suggest a
different scaling ∝ (1+ z)0.28. If we rescale the relation found
by Reines & Volonteri (2015) using the scaling found by
Merloni et al. (2010) (shown in orange in Fig. 3), we obtain
better agreement between the simulations and the obser-
vations. We note that the normalisation of the MBH − M?
relation evolves in various other state-of-the-art simulations
(Barber et al. 2016; Sijacki et al. 2015).
MBH and Mstars estimates for various observed galaxies
with over-massive BHs are also shown in Fig. 3 for refer-
ence. Values were taken from Seth et al. (2014), Saglia et al.
(2016), McConnell & Ma (2013), van Loon & Sansom (2015),
Trakhtenbrot et al. (2015), Walsh et al. (2015) and Walsh
et al. (2016) for M60-UCD1, NGC 4486B, NGC 4342, S536,
CID-947, NGC 1271, and NGC 1277, respectively1. We see
that the simulated black holes compare well with the ob-
served over-massive black holes and suggest that the sim-
ulated environments could thus be the birth place of such
nearby observed over-massive black holes.
3.2.3 Black hole growth
Here, we investigate how the central black holes evolve be-
fore and after their bright quasar phase at z = 6, In the
right-hand panel of Fig. 3, we show the central black hole
mass as a function of redshift, where the colour-coded sym-
bols indicate the evolution for the different haloes.
Each black hole starts from an initial seed of 105h−1M
placed in the massive halo at around z = 15. By z = 10.1,
the central black holes have grown to masses 3.1×105−5.6×
106 M through a combination of mergers and accretion
(see Sijacki et al. 2009). In the redshift range z = 10− 6, we
see exponential growth as the accretion rate is close to the
Eddington limit almost all the time. This can be seen from
the comparison with the black line which shows the expected
mass for a black hole with a mass of 107M growing at the
1 Note that for NGC 4486B, NGC 4342 and NGC 1271, we plot
stellar bulge mass since total stellar mass is not available.
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Figure 3. The left-hand panel shows the black hole mass versus total stellar mass for all haloes compared to the relation for elliptical
galaxies of Reines & Volonteri (2015). The blue-shaded region indicates the intrinsic scatter around the observed relation. We also re-scale
this relation to higher redshift with the (1 + z)0.68 scaling suggested by Merloni et al. (2010). The orange line indicates the re-scaled
relation at z = 2.8. Various observed MBH − Mstars outlier galaxies are indicated with black stars (see text for details and references).
The black open symbols refer to other black holes selected from every simulation at every snapshot. They give the values of 7 other
massive black holes in every simulated environment taken at the same redshifts as the colour-coded ones. The right-hand panel shows
the evolution mass of the most massive black holes in each simulation (left axis). The black line shows the black hole mass expected
from constant Eddington-limited accretion, starting from an initial mass of 107M at z = 10. The dashed lines show the ratio between
the total gravitational potential, measured within 1 kpc, and the total feedback energy released (right axis).
Eddington rate starting at z = 10. It is clear that the slopes
of the black hole masses in all our simulations are similar to
that expected for Eddington-limited accretion at z & 7.
Black hole growth slows down significantly below z = 6.
This indicates that AGN feedback has become efficient. This
can also be seen from the dashed lines in the right-hand
panel of Fig. 3 which show ratio between the evolution of
the total gravitational potential of gas within 1 kpc divided
and the cumulative amount of feedback energy released with
redshift. We can see that below z = 6 the energy released
by the AGN becomes comparable to the total gravitational
potential in the inner kpc of the galaxy. AGN feedback has
become strong enough to remove gas from the inner kpc.
The feedback prevents the gas from accreting onto the black
hole, thus slowing down the black hole growth.
AGN feedback is a circular process; after gas is removed
from the central region, new gas will cool and move into the
galactic nucleus and eventually accrete onto the black hole,
starting a new feedback cycle (Costa et al. 2014). These
short bursts of accretion allow the black hole to continue
growing, though at modest rates. By z = 3.3, the central
black holes in our simulations reach masses in the range 6.9-
− 8.6 × 109M.
3.2.4 Morphology
In order to quantify the morphology of the compact stel-
lar component that forms at the centre of the quasar host
galaxies, we evaluate the fraction of kinetic energy invested
in motion which is co-rotating with respect to the halo (Cor-
rea et al. 2017). We evaluate the κrot parameter, defined as
κrot =
Krot
K
=
1
K
r<30 kpc∑
i
1
2
mi[Lz,i/miRi]2 , (4)
where the sum is performed over all stellar particles
within a spherical radius of 30 kpc centred at the position
of the most massive halo, mi is the stellar particle mass,
K =
∑r<30 kpc
i
1
2miv
2
i the total kinetic energy, Lz,i the parti-
cle angular momentum along the direction of the total an-
gular momentum of the stellar component inside the radius
of 30 kpc and Ri the distance to the centre of the galaxy.
Following Correa et al. (2017) we only take corotating stel-
lar particles (Lz,i > 0) into account which is found to be a
better measure of ordered rotation. Correa et al. (2017) find
that κco is a reasonable measure of visual morphology and
established that κco = 0.4 can be used to separate disc-like
galaxies (κco ≥ 0.4) from elliptical galaxies (κco < 0.4). We
thus use also κco = 0.4 to separate the two populations.
Fig. 4 shows the redshift evolution of κco where the
black line shows the mean evolution for all quasar host
galaxies and the solid red line shows the evolution for the
galaxy without AGN feedback. We confirm that all investi-
gated galaxies start as dispersion-dominated ellipticals (as
in Dubois et al. 2012). At z = 3.3, the galaxies with AGN
feedback have a mean value of κco = 0.26 and are thus in
agreement with an elliptical morphology.
In addition, we find that the evolution of the mean
value for all galaxies indicates that the quasar host galaxies
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Figure 4. The evolution of the quasar host galaxy morphology
as quantified by the κco parameter (see text). The solid black
line shows the mean of all galaxies with AGN feedback, whereas
the grey shaded region shows the standard deviation. The red
solid line shows the evolution of the galaxy without AGN feed-
back. All quasar host galaxies are consistent with an elliptical
morphology throughout the simulation. In the absence of AGN
feedback, however, the massive galaxy develops a prominent stel-
lar disc. From the standard deviation, we see that disc-like stellar
structures form in some quasar host galaxies from time to time.
These galaxies are, however, unable to maintain this structure.
never develop pronounced discs. From the standard devia-
tion shown as the grey shaded region in Fig. 4, we see that
disc-like stellar structures form in some quasar host galaxies.
Specifically, the galaxy in Halo3 becomes disc-like at z = 7.2
and z = 6.2. Form z = 6.2, this galaxy stays elliptical. The
galaxy in Halo1 also becomes disc-like at z = 4.8 but re-
mains elliptical from z = 4.5. Quasar host galaxies are thus
able to form disc-like stellar structures but do not main-
tain the disc-like structure. This in contrast to the galaxy
without AGN feedback, which becomes disc-like at z = 5.2
and is able to maintain this structure reaching κco = 0.59 at
z = 3.3. The disc-like structure can also be seen from the
stellar surface density maps, shown in the bottom panels of
Fig. 1. The galaxy without AGN feedback gains this disc-
like configuration at z = 5.3 and remains disc-like from then
onwards. A similar behaviour is seen in the HORIZON-AGN
simulations in the case in which AGN feedback is excluded;
late-time accretion of gas results in the formation of a disc
while, if AGN feedback is active, the formation of the disc
is prevented (Dubois et al. 2016).
AGN feedback thus appears to ensure that the galax-
ies hosting quasars at z & 6 contain spheroidal, dispersion-
dominated stellar components. We emphasize that the gas
component, which evolves on Myr timescales, does have a
disc-like morphology, but we find that this changes orien-
tation rapidly as the central galaxy is bombarded by satel-
lite galaxies as well as by a smoother inflow component.
The resulting angular momentum cancellation ultimately
promotes the formation of a compact, dispersion-dominated
bulge (Dubois et al. 2012).
3.2.5 Circular velocity
In Fig. 5 we show stellar circular velocities profiles for all our
simulations at z = 6.2 and z = 3.3. The circular velocity is
defined as
Vcirc =
√
GMstars(< R)
R
, (5)
where Mstars(< R) is the stellar mass enclosed within a radius
R.
At z = 6.2, all quasar host galaxies are, as we have seen
in Fig. 1, very compact. If we consider the radial position
of the maximum (stellar) circular velocity Rmax as a proxy
for bulge size, we find Rmax ≈ 0.2 − 0.5 kpc with a mean of
∼ 0.4 kpc which is roughly twice the size of the gravitational
softening length. The compact bulges have peak circular ve-
locities between 300 km s−1 and 500 km s−1. Stars make up
between 40% and 57% of the total mass within the inner
kpc where dark matter and gas make up between 10% and
33% of the total mass. The black hole only makes up ∼ 3%
of the total mass.
In addition, we note that, at z = 6.2, the circular veloc-
ity profile of the simulation without AGN feedback is com-
parable to the circular velocity profiles found in the other
five simulations. We find a peak circular velocity of ∼ 340
km s−1 for the halo without feedback, comparable to the
mean of ∼ 350 km s−1 for haloes with AGN feedback. This,
along with Figs 1 and 2, indicates that AGN feedback has
not yet significantly impacted the structure of the galaxy
by z = 6.2, despite the presence of vigorous quasar-driven
outflows (Costa et al. 2015; Curtis & Sijacki 2016).
At z = 3.3, all quasar host galaxies have, as we have
seen for one of our simulations in Fig. 1, become less com-
pact. The radial position of the maximum circular velocity
grows to Rmax ≈ 2.5 − 4.0 kpc, an order of magnitude higher
than the gravitational softening length and Rmax at z = 6.2.
Thus, while a compact bulge is initially found in every of
our quasar host galaxies, it expands significantly in all our
simulations. The evolution of the stellar circular velocity for
a single one of our systems can be seen in Fig. 6. The peak
of the circular velocity profile shifts to larger radii and de-
creases as the redshift decreases.
Importantly, the above statements only hold in simula-
tions with AGN feedback. In the simulation without AGN
feedback, the compact bulge seen at z = 6.2 becomes more
compact and more massive by z = 3.3; the maximum cir-
cular velocity increases from 300 km s−1 to 2000 km s−1.
The peak value of the circular velocity stays at roughly the
same radius of ∼ 0.3 kpc. From Fig. 1 we do, however, ob-
serve some stellar migration which is likely due to numerical
effects. This effect is further explored in Section 4.2.
In conclusion, we thus confirm that our implemented
AGN feedback model is reasonable and does a reasonable job
in preventing the overproduction of stars in massive galaxies
(but is still likely too weak, especially at later times). The
simulated black holes also compare well with the observed
over-massive black holes. When examining the morphology
of the quasar host galaxies, we find that these stay ellip-
tical throughout the simulation. The galaxy without AGN
feedback, on the other hand, gets a disc-like configuration.
We also find that, while all quasar host galaxies host highly
compact stellar bulges at z = 6, they all experience signif-
icant expansion with time. The galaxy without AGN feed-
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Figure 5. Circular velocity profiles of the stellar component in our simulation sample at z = 6.2 in the left-hand panel and at z = 3.3 in
the right-hand panel. The simulated haloes with AGN feedback are shown with the coloured solid lines and the simulated halo without
AGN feedback is shown with the dashed black line. The vertical grey dashed line marks the location of the gravitational softening length.
The vertical coloured dashed lines mark the location of the virial radii of the quasar hosting haloes. The vertical black solid line marks
the location of the virial radius of the simulated halo without AGN feedback. The grey shaded region in the right-hand panel shows
the range of circular velocities at z = 6.2 from the left-hand panel. While all quasar host galaxies are remarkably compact and tightly
bound, with stellar circular velocities peaking at 300 − 500 km s−1 at radii ≈ 500 pc at z = 6.2, they become larger and less tightly bound
at z = 3.3 (as long as AGN feedback operates).
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Figure 6. The circular velocity profile of the stellar component
for Halo1. The profile is shown at different redshifts with the
coloured solid lines. The vertical grey area marks the location
of the gravitational softening length for z = 5.2 to z = 3.8. As
redshift decreases, the peak circular velocity drops and its location
shifts to larger radii, indicating a gradual expansion of the quasar
host galaxy.
back maintains its compact bulge. In the following section,
we investigate whether AGN feedback is directly responsible
for the expansion of the bulge.
3.3 Growing galaxies with AGN-driven outflows
Size is not a well-defined parameter for massive galaxies with
extended stellar mass distributions, which makes it hard to
compare our size measurements to other simulations and
observations. The effective radius used in observations de-
pends, for example, on resolution, filter and the adopted
model for the light profile. We have therefore adopted the
position of the peak of the stellar component circular veloc-
ity (Rmax) as a simple proxy for radius. This radius encloses
approximately 15−30 % of the stellar mass within the virial
radius. We also use the stellar half-mass radius as defined
by SUBFIND Reff as proxy for radius which, obviously, en-
closes 50 % of the stellar mass within the subhalo.
3.3.1 Size growth across time
The redshift evolution of the size of the targeted galaxies,
here defined as the radius of the stellar circular velocity peak
is shown on the left-hand panel of Fig. 7 with solid lines for
simulations including black holes and AGN feedback and a
dashed line for the simulation without black holes and AGN
feedback. The grey band in the figure indicates the range
over which the gravitational softening lengths change over
time in our simulations.
The targeted galaxies start with roughly the same size,
as we have seen in the previous section, ranging from ≈ 0.2
kpc to ≈ 0.4 kpc at z ≈ 7. In simulations which include
AGN feedback, the massive galaxies start growing in size
after z = 7. The sizes of the galaxies in Halo2 and Halo4
start to grow rapidly after z = 7 whereas the other galaxies
initially grow only slowly. The galaxy in Halo3 starts to grow
faster after z = 5.7 and the galaxy in Halo5 starts to grow
rapidly in size after z = 4.8. The galaxy in Halo1-NoAGN
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Figure 7. The left-hand panel shows the location of the maximum stellar circular velocity as a function of redshift for the six investigated
galaxies. The solid lines show the evolution in our simulations with AGN feedback, while the dashed line shows the results for the
simulation without black holes and AGN feedback. The grey band indicates the range of stellar gravitational softening lengths, which,
since they are fixed in comoving coordinates, change with redshift in physical coordinate. At z ≈ 4, the massive galaxy in Halo4 undergoes
a major merger, which results in a double-peaked circular velocity profile; we have here taken the radius associated with the second peak.
The right-hand panel shows the redshift evolution of the stellar half mass radius as a function of the maximum stellar circular velocity.
We see that for z . 6, all quasar host galaxies experience size growth, while their maximum circular velocity drops.
grows little, from ≈ 0.5 kpc to ≈ 0.6 kpc; it has roughly 10
% of the mean size of the other galaxies at z = 3.3 which is
≈ 5 kpc.
In the right-hand panel of Fig. 7, we plot the stellar
half mass radius as a function of the maximum value of
the circular velocity for all simulations with AGN feedback.
We see that, as the quasar host galaxies grow in size, their
maximum stellar circular velocity drops, indicating that the
galaxies gradually become less tightly bound. The peak cir-
cular velocity and the stellar half mass radius have similar
values for all haloes at z = 6.2 and all galaxies end up hav-
ing roughly the same half mass radius of 6−9 kpc at z = 3.3.
While galaxy growth is particularly rapid at z & 4, it slows
down at lower redshift, when the maximum circular veloc-
ity reaches values of≈ 250 km s−1. Halo5 is simulated down
to z = 2.6 and continues to show size growth at a rate
similar to that seen in all targeted haloes at z < 4. One
striking feature in the right-hand panel of Fig. 7 is the sud-
den increase of the peak circular velocity in Halo1 between
z = 6.2 and z = 5.7. Stellar images and circular velocity
profiles show that a merger is happening at this point which
increases the circular velocity. Afterwards, the galaxy shows
the same evolution as the other quasar hosting galaxies, the
galaxy grows in size and its maximum stellar circular veloc-
ity drops gradually. We also note that for Halo1-NoAGN,
the maximum circular velocity increases rapidly to extreme
values . 2000 km s−1, while the galaxy size remains close to
≈ 1 kpc (see Fig. 5).
While it is clear that the ‘puffing-up’ of the stellar com-
ponent appears to be connected to the presence of an AGN,
as found in various previous studies (Peirani et al. 2017;
Costa et al. 2018; Choi et al. 2018), we have not yet shown
that AGN feedback plays a direct role on the expansion
of the compact bulges. For instance, it could act simply
by reducing the gas fraction of the progenitor galaxies and
thereby increasing the number of dry mergers undergone by
the progenitors. As mentioned in Section 1, this is the pre-
vailing explanation for the size growth of high redshift mas-
sive compact ellipticals. In the following sections, we show
that, in our simulations, AGN feedback plays quite a direct
role in galaxy size growth.
In order to understand how AGN feedback may pro-
voke galaxy growth, we have performed a new simulation
identical to Halo1, but using a larger number of simulation
outputs with a z ≈ 0.02 spacing, which is comparable to the
dynamical time-scale measured at ≈ 1 kpc. The simulation
is run from z = 6.7 to z = 4.5, the time range where we saw
the most intense size growth. In addition, we also perform
another simulation like Halo1, but for which we ‘switch-off’
black hole accretion and AGN feedback at z = 5.2. We anal-
yse the results of these simulations in the next section.
3.3.2 Fluctuations in the gravitational potential
Fig. 8(a) shows the enclosed gas mass in Halo1 at different
radial scales, as indicated by different colours. AGN activity
becomes strong enough to regulate the central gas reservoir
already at z = 6.5, when we see a drop in the enclosed mass
within a radius of 500 pc. At z . 6, we see rapid, ≈ 1 Myr, and
strong fluctuations in the enclosed mass. The pronounced
peak seen at z ≈ 6 is caused by a merger which temporar-
ily supplies the galaxy with fresh gas. The gas mass inside
1 kpc then starts to decrease below z = 5.7 more systemat-
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Figure 8. Panels (a) and (b) show the enclosed mass for different radii where (a) shows the gas component and (b) the stellar and
dark matter component indicated with, respectively, solid and dashed lines. Clearly, the enclosed gas mass becomes highly variable after
z ≈ 5.7 within ∼ kpc scales, approximately when the released AGN feedback energy becomes comparable to the galaxy binding energy.
From this time onward, the central stellar and dark matter mass also starts to drop. The redshift evolution of the total gravitational
potential for bulge stars (selected at z = 6.2) within different radii is shown in (c). In the absence of AGN feedback (dashed lines), the
gravitational potential of ‘bulge stars’ increases, in contrast to all other simulations.
ically, while the fluctuations in the enclosed gas mass start
becoming noticeable at even larger radii of up to 3 kpc.
The enclosed dark matter and stellar masses also un-
dergo small fluctuations in response to the gas motions as
can be seen from Fig. 8(b). The enclosed collisionless compo-
nent mass also show a significant and gradual decline below
z = 6 which occurs mainly within scales . 3 kpc and is not
seen at larger scales. This suggests the gradual expansion of
stellar and dark matter within those scales, in good match
to what was seen in the circular velocity profiles discussed
in the previous section.
We also measure the actual gravitational potential of
‘compact bulge’ stars, which we here select as those stellar
particles located within a radius of 3 kpc at z = 6.2. We
track the stellar particles using their IDs and calculate their
total gravitational potential Φ = −∑i φi , where the sum is
performed over the gravitational potential φi of each bulge
stellar particle, within different radii. As can be seen in Fig.
8(c), we find the expected fluctuations starting from z = 5.5
in the gravitational potential of the bulge stars within radii
of 1 kpc, and from z = 5.2 onwards, we also see the fluctu-
ations for radii < 3 kpc. As the collisionless component mi-
grates outwards, the gravitational potential also drops with
time.
In the absence of AGN feedback (dashed lines in Fig.
8(c)), the gravitational potential of ‘bulge stars’ increases,
in contrast to the simulation with AGN feedback.
3.3.3 Ex/in situ stars
The size growth we see in our simulations is, in part, driven
by the expansion of the old stellar component which already
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Figure 9. The left-hand panel shows the contribution to the stellar density profile of in-, ex-situ and of the bulge ‘relic’ stars that existed
at z = 6.7 already. Also shown is the total stellar density profile at z = 6.7 (dashed black line) and at z = 4.5 (solid black line). The
right-hand panel shows the stellar radial distance travelled since z = 6.7 measured for star particles that reside within r < 1 kpc at z = 6.7
for the galaxy in Halo1 (black histogram) and the galaxy in the re-run simulation of Halo1 without AGN feedback (red histogram). The
values give the percentage of star particles with D greater or smaller than 1 kpc. When AGN feedback operates, most stars that make-up
the initially compact quasar host galaxy migrate outwards by several kpc. If AGN feedback is neglected, outwardly stellar migration is
far less significant.
formed before z = 6.2 (see bottom panels in Fig. 1). The
accretion of stars that formed outside the galaxy (‘ex-situ’
stellar populations) could, however, also contribute to the
overall size growth, as it builds up the outer layers of the
quasar host galaxy.
To quantify the contribution of different populations to
the size growth, we follow the stellar particles with their
IDs and classify them based on their formation radius. We
distinguish between ‘ex-situ’, ‘in-situ’ and ‘relic’ stars. We
define ex-situ stars as those which form outside Rthresh = 3×
the stellar half mass radius, as defined by SUBFIND. This
radius is measured at every snapshot and changes thus with
redshift. The in-situ stars are defined as those which form
within Rthresh. This radial threshold corresponds to ≈ 5% of
the virial radius which is somewhat smaller than the radius
used in Oser et al. (2010) and Frigo et al. (2018), which
is 10% of the virial radius. The choice of radial threshold,
however, does not significantly affect our results as long as it
lies in the range 5-15% of the virial radius. Stars at z = 4.5
within Rthresh that already existed at z = 6.7 within Rthresh
are defined as relic stars. We select an initial redshift of
z = 6.7 here, because a highly tightly bound stellar bulge
has already formed by that time.
The density profile evaluated at z = 4.5 shown in Fig.
9 with the solid black line consists of three different compo-
nents: in-situ stars, ex-situ stars and relic stars. We find that
the in-situ stellar population dominates the stellar mass at
scales . 10 kpc, making up ≈ 55% of the final mass, and, in
particular, within the innermost few kpc, where size growth
takes place. In contrast, ex-situ stars make up ≈ 23% of the
total stellar mass within Rthresh, while the relic stars make
up ≈ 18% of the final mass within Rthresh. ≈ 4% of the stellar
mass is not found using any these definitions, because they
lie outside Rthresh at z = 4.5. The ex-situ stellar population
is more concentrated than the in-situ stellar population. We
find that early accreted ex-situ stars make up this concen-
trated central part. The contribution of ex-situ stars to the
total final stellar mass is thus small compared to the contri-
bution of in-situ stars, but comparable to the contribution
of relic stars. Note that if we select relic stars to be those
which are in place at z = 5.5, instead of z = 6.7, we find
that they contribute ≈ 60% to the total stellar mass within
Rthresh.
To see how different stellar populations contribute to
the size growth, we check the difference between the for-
mation radius and their radius at z ≈ 4.5 (∆R = formation
radius - final radius). We see that ≈ 39% of the in-situ stars
migrate inwards and have a greater formation radius than
their final radius. In contrast, ≈ 61% of the in-situ formed
stars migrate outwards where ≈ 1% of the outward migrated
stars have a significantly bigger final radius (∆R < -5 kpc).
The relic stars also mostly move out to greater radii
with time as can be seen in Fig. 9 from the difference between
the black dashed line, the profile atz = 6.7, and the green
solid line, the profile at z = 4.5. About 86% of the relic stars
move to larger radii and ≈ 5% of the outward-migrating stars
have a significantly bigger final radius (∆R < -5 kpc).
In order to quantify how relic stars are affected by size
growth, we use a similar approach as Choi et al. (2018).
First, we select all stars within the stellar half mass radius
at z = 6.7. We then trace these stars down to z = 3.3 and
measure the radial distance D they have traveled. The red
and black histograms in the right-hand panel of Fig. 9 show
the stellar radial migration distance from z = 6.7 to z = 3.3
for, respectively, the galaxy without and with AGN feedback
in Halo1.
Most stars migrate radially outwards since z = 6.7 for
the galaxy with AGN feedback, 97.1% of the selected stars
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migrate more than 1 kpc outwards. The difference with the
galaxy without AGN feedback is clear, only 17.4% of the
stars migrate radially outward more than 1 kpc. 82.6% of
star particles do not migrate further than 1 kpc since z =
6.7. The majority of star particles which constituted the core
at z = 6.7 still are within the central region in the galaxy
without AGN feedback.
In this section we investigated three different stellar
populations and showed how they contributed to the size
growth observed in Section 3.2.5. We find that the contri-
bution of in-situ stars to the density profile at z = 4.5 dom-
inates. In-situ and relic stars are found to contribute most
to the size growth as they migrate mostly outwards. We
also show that relic stars migrate outwards in the galaxy
in Halo1 which is not the case for the galaxy in the re-run
simulation of Halo1 without AGN feedback. In addition, we
observe that the density profile of the galaxy shown on the
left-hand panel in Fig. 9 experiences a flattening because
of the outward-migrating stars. The black dash-dotted line
(density profile at z = 6.7) shows an overall steep profile
whereas the black solid line (density profile at z = 4.5)
shows the start of the formation of a core in the profile.
For the galaxy without AGN feedback we observe that the
dark matter and the stellar density profiles only steepen with
decreasing redshift. This will be further discussed in Section
4.3.
4 DISCUSSION
4.1 Growing massive galaxies through AGN
feedback
We have unambiguously shown that AGN feedback is di-
rectly responsible for the gradual expansion of the compact
stellar bulges that form in massive galaxies at z > 3. Size
growth driven by AGN feedback in our simulations begins
roughly when the energy injected by the AGN becomes com-
parable to the binding energy of the compact bulges.
While they have a scale radius of a few 100 pc at z ≈ 6,
a time at which black hole growth is efficient and proceeds
close to the Eddington rate, the compact bulges gain sizes
an order of magnitude larger by z = 3 as long as AGN feed-
back operates. The ‘puffing-up’ of the stellar component has
been previously described in the literature (Fan et al. 2008;
Ragone-Figueroa & Granato 2011; Lapi et al. 2018) and has
also been seen in cosmological simulations (Peirani et al.
2017, 2019; Costa et al. 2018; Choi et al. 2018) comparing
the properties of galaxies with and without AGN feedback.
We note that in those studies, fluctuations in the gravita-
tional potential driven by outflows had been suggested as the
main agent of galaxy growth, but this had not been explicitly
shown. That AGN feedback drives sufficiently strong gravi-
tational potential fluctuations has, however, been shown us-
ing idealised simulations (Martizzi et al. 2013). The above
described mechanism will be further explored in Section 4.2.
Based on our results, we find that AGN feedback may
result in significant size growth in galaxies that have re-
cently hosted intense quasar activity. We suggest that mas-
sive galaxy growth occurs in different phases: (i) At high-z,
these systems initially go through a phase in which gas is
accreted onto the nucleus at high rates, powering black hole
accretion but also the formation of a compact ≈ 500 pc stel-
lar bulge. At this point, the velocity dispersions of the stellar
bulges are high ≈ 500 km s−1, (ii) as enough AGN energy is
coupled to the gas in the nucleus and the mass is expelled
in brief AGN-driven outflows, the stellar bulges start to un-
bind and expand until they reach radii ≈ 5 kpc, (iii) as the gas
fractions drop, dry mergers start contributing significantly
to size-growth. Note that another mechanism which can aid
in the formation of stellar cores at the centre of massive
galaxies is ‘scouring’ by binary black holes (Begelman et al.
1980), which we can, however, not follow with our simula-
tions due to insufficient resolution. To some extent, the size
growth of massive galaxies may be the result of multiple,
independent physical processes operating at different stages
in their evolution.
Another interesting implication of our findings relates
to the possible upturn in the MBH−σ? relation seen for σ? &
270 km s−1 (e.g. Kormendy & Ho 2013). In our simulations,
we find a drop in the peak circular velocity from . 500 km s−1
to . 300 km s−1 by z ≈ 3. Thus, while the black hole mass
doesn’t change significantly, the velocity dispersion drops
considerably, resulting in an upturn in the MBH−σ? relation.
The observed MBH − σ? saturates at σ? & 270 km s−1
(e.g. Kormendy & Ho 2013), when the morphology of ellipti-
cal galaxies switches from predominantly coreless to mainly
cored. This finding can be explained by our theoretical re-
sults; when black holes grow to sufficiently high masses, they
release energies comparable to the binding energy of their
host galaxies. As the stellar component expands in response
to AGN-driven gas ejection, the massive galaxy develops a
cored stellar profile and the stellar velocity dispersion in the
central regions drops. AGN feedback is here responsible for
both the formation of a core and the drop in the velocity dis-
persion necessary to result in an upturn in the MBH−σ?. One
prediction of our scenario is that the characteristic stellar
velocity dispersion at which the MBH − σ? saturates should
evolve with redshift. At z & 5, the amount of AGN energy
released is not sufficient and there has not been enough time
to initiate strong galaxy size growth. Thus, at this point, we
predict that the MBH − σ? should persist even to velocity
dispersions σ? & 400 km s−1. Since those systems are likely
to be the first in which supermassive black holes form and
grow most rapidly, they should then be the first to be un-
bound by AGN feedback. The population of systems with
σ? & 400 km s−1 should then start thinning out and an up-
turn in the MBH−σ? relation should become visible. Testing
the importance of this scenario in simulations following large
cosmological boxes will be important to develop more rigor-
ous observational diagnostics.
We have shown that our adopted AGN feedback model
is, if anything, too weak. It is thus unlikely that the size
growth we find for the quasar host galaxies is driven by too
strong AGN feedback. There are two possible ways, how-
ever, in which our AGN feedback model may amplify galaxy
size growth. One is related to limited spatial resolution and
the absence of a cold ISM phase from our simulations. As
we increase resolution, we may expect the gas distribution
to become clumpier, which may possibly permit AGN out-
flows to escape without coupling with such large volume
(e.g. Bourne et al. 2015; Curtis & Sijacki 2016). Determin-
ing whether this is the case will, however, require an accurate
treatment of the cold ISM in massive, high redshift galaxies
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in future simulations. Another possible way in which galaxy
size growth may become less important than seen in our
simulations is if AGN feedback couples to halo gas directly
rather than to gas in the galactic nucleus. For instance, if
AGN feedback proceeds through jets which pierce through
the ISM, but inflate hot bubbles in the diffuse halo, then gas
in the galactic nucleus is likely to be less efficiently expelled.
The heating of halo gas may also suppress cooling onto the
central galaxy, which in turn may suppress black hole ac-
cretion. Thus, it will be important to establish whether the
same AGN-driven galaxy growth is seen in simulations em-
ploying different AGN feedback models.
Another uncertainty in this study is the adopted Bondi-
Hoyle-Lyttleton formalism to model the black hole accretion.
Due to insufficient resolution, we are unable to resolve the
accretion onto the black hole self-consistently and use there-
fore a subgrid model. The parameters of this model (gas
density and sound speed) are estimated from scales that are
resolved in the simulation. It has been shown that differ-
ent choices on how these parameters are measured could
lead to black hole masses that differ in two orders of mag-
nitude (Curtis & Sijacki 2015; Negri & Volonteri 2017). In
addition, the Bondi-Hoyle-Lyttleton formalism contains as-
sumptions which are unlikely to be true for realistic black
hole accretion. The model assumes, for example, spherical
symmetry and does not consider the accretion of a turbulent,
non-uniform gas flow (Negri & Volonteri 2017). Alternative
models have been developed where, for instance, the angular
momentum of the acrreting gas is taken into account (Trem-
mel et al. 2017) or where the accretion rate is based on the
viscous evolution of the accretion disk (Debuhr et al. 2011,
2012). Improving the assumed model is highly desirable to
capture AGN feedback more realistically and test whether
AGN-driven galaxy growth will still occur.
4.2 Other mechanisms of size growth
Other potential origins for massive galaxy size growth in-
clude physical effects such as major mergers, minor merg-
ers, and adiabatic expansion due the sudden gas expulsion,
but there are also potential numerical effects stemming from
the non-constant physical size of the gravitational softening
length.
In the case of dry major mergers, the effective radii
and stellar mass both approximately double in the merger
remnant (Re f f ∝ M?). According to this scenario, the high-
redshift systems would be uniformly denser than their low-
redshift descendants (Hernquist et al. 1993; Boylan-Kolchin
et al. 2006; Naab et al. 2009). This kind of growth is not
observed for the galaxies in our simulation as can be seen
from the right-hand panel in Fig. 7 showing the stellar half
mass radius as a function of maximum circular velocity. We
see a gradual size growth, that is not expected from a major
merger scenario. In the minor merger scenario, the compact
core remains intact and the overall size growth is then mainly
driven by the acquisition of stellar material from less-bound
galaxies. Dubois et al. (2016), for example, find that the
accretion of ex-situ stars drive the galaxy growth at redshift
< 4. In our simulations, we, however, find a small fraction
of ex-situ stars at least until z = 4.5, when the galaxy has
already grown in size significantly, and, in addition, show
unambiguously that the compact bulge expands. Thus, we
conclude that the increase in scale radius we find in our
simulations is not driven by dry minor mergers.
Fan et al. (2008) and Fan et al. (2010) proposed a mech-
anism in which AGN feedback directly triggers size growth.
In this scenario, which is akin to that which may operate
via supernova explosions in dwarf galaxies (Navarro et al.
1996), AGN feedback removes large masses of gas from the
central regions on the dynamical timescale or shorter. The
centripetal force, holding orbiting collisionless particles in
their orbit, drops substantially and the system relaxes into
a new equilibrium configuration with a ‘puffed-up’ stellar
and dark matter distributions. Repeating the process accen-
tuates the effect, which allows a significant transformation
to be accomplished by recycling a small amount of gas in-
stead of expelling an unfeasibly large amount of gas in one
episode. As we have seen in Section 3.3.2, AGN feedback in
the central galaxy in Halo1 removes large amounts of cold
gas from the central regions on Myr timescales. The final
mean size of ≈ 5 kpc is in line with the expected final ra-
dius of 3− 5 kpc after ‘puffing up’ the stellar distribution by
feedback processes as described by Lapi et al. (2018).
We explicitly investigate the influence of AGN feedback
on the size growth by running the same simulation as de-
scribed in Section 3.3, but now we switch AGN feedback
off at z = 5.2. In Fig. 10, we compare the stellar half mass
radius as predicted by SUBFIND (see also Section 3.3.1)
for this simulation with that for the simulation with AGN
feedback. We see that the characteristic size of the targeted
galaxies in these two simulations become very different at
z < 5.2, the galaxy where AGN feedback is switched off stops
growing in size and gradually decreases in size. The galaxy
with AGN feedback has 2.2 times the size of the galaxy with
AGN feedback switched off at z = 4.6.
Fig. 11 shows the enclosed gas mass (left-hand panel)
and enclosed stellar mass (right-hand panel) at different ra-
dial scales, as indicated by the different colours, for our fidu-
cial simulation (Halo1) and the simulation where AGN feed-
back is switched off at z = 5.2 (Halo1 - weakAGN). We see
that the fluctuations in the enclosed gas mass and enclosed
stellar mass decrease and almost disappear after AGN feed-
back is switched off at z = 5.2 for all radii. The fiducial sim-
ulation continues to show the fluctuations. In addition, we
see that the enclosed stellar mass in the simulation where
AGN feedback is switched off gradually increases whereas
the enclosed stellar mass gradual decreases in the fiducal
simulation (see also Fig. 8(b)). This comparison shows that
even the fluctuations at a radial scale of 300 pc, close to the
resolution of the simulation, are physically meaningful and
driven by AGN driven outflows. We also see that the grad-
ual expansion of stellar matter stops when AGN feedback is
switched off.
We also check how switching off AGN feedback affects
the migration of relic stars. We take the same strategy as de-
scribed in Section 3.3.3 and select all stars within the stellar
half mass radius at z = 5.2. We then trace these stars down
to z = 4.6 and measure the radial distance D they have
traveled. The histograms in the right-hand panel of Fig. 10
show the stellar radial migration distance for the galaxy with
AGN feedback switched off at z = 5.2 (red) and the galaxy
with AGN feedback (black). As we have also seen in Fig.
9, most stars migrate radially outwards in the galaxy with
AGN feedback. Since z = 5.2, 70.3% of the selected stars mi-
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Soft), the simulation where AGN feedback is switched off at z = 5.2, (Halo1-weakAGN) and our fiducial simulation Halo1, as a function
of redshift. Switching from constant comoving to constant physical softening lengths does not prevent the massive quasar host galaxy
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off, stellar outward migration ceases, showing that AGN feedback is directly responsible for the outward drift of stars in our simulations.
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the resolution of the simulation) are physically meaningful and driven by AGN driven outflows.
grate outwards. The difference with the galaxy with AGN
feedback switched off is clear, most stars (65.2%) migrate in-
wards and if stars migrate outwards they do not migrate as
far as is seen for the galaxy with AGN feedback. AGN feed-
back thus clearly promotes the outward migration of stars
in the galaxy.
Using the ILLUSTRIS simulations, Wellons et al.
(2016) discuss how numerical effects may lead to adiabatic
expansion of massive, compact galaxies. If the softening
length is fixed in comoving coordinates, the physical scale
over which the gravitational potential is softened increases
with time, and stellar particles may migrate outwards as a
result. Wellons et al. (2016) find that such numerical relax-
ation can change the stellar half mass radius by about 15%
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from z = 2 to z = 0, much smaller than the size growth we
find in our simulations.
We investigate the influence of numerical relaxation by
running the same simulation as described in Section 3.3, but
now keeping a constant physical softening length at z < 6. In
Fig. 10, we compare the stellar half mass radius as predicted
by SUBFIND (see also Section 3.3.1) for this simulation
with that for the simulation with constant comoving soften-
ing length. We see that the characteristic size of the targeted
galaxies in these two simulations only becomes systemat-
ically different at z < 5.5. The simulation with constant
physical softening length results in a galaxy with a greater
size as the size found in the simulation with comoving phys-
ical softening length. We find that black holes grow more
by accretion in the simulation with fixed physical softening
length and therefore the injected feedback energy is some-
what larger. This promotes slightly more efficient galaxy
size growth. It is clear that there is still significant galaxy
growth in the simulation with constant physical softening
length. The change in physical softening length that occurs
in our fiducial simulations thus contributes only weakly to
the galaxy growth we find. In addition, we see in Fig. 7 that
there is almost no size growth in the simulation without
AGN feedback, for which numerical relaxation would be the
main reason for size growth. The size growth in the galaxy
without AGN feedback is about 13%. We therefore conclude
that the softening length cannot explain the observed ex-
pansion.
AGN-driven expansion induced by AGN feedback thus
seems the main explanation for the observed size growth in
our galaxy sample, while other size growth mechanisms may
contribute or even dominate at later stages in the evolution
of the massive galaxies. Also, it is important to stress that we
here analyse massive haloes at z = 6, which form in extreme
environments which favour rapid black hole growth. The size
growth seen might be connected to this rare environment.
Another recent study by Genel et al. (2018) suggested a
similar mechanism for size growth as we found. Genel et al.
(2018) analysed scaling relations and evolution histories of
galaxy sizes in Illustris-TNG. The most massive galaxies in-
vestigated in Genel et al. (2018) quench at a stellar mass
of ∼ 1011M. They subsequently grow in size by ≈ 1.5 dex
down to z = 0 as well as in mass, in agreement with the
r ∝ M2 relation expected from minor dry mergers.
Genel et al. (2018), however, find that quenched galaxies
that are less massive (∼ 1010.5M at z = 0) follow a size-
mass relation which is significantly steeper than r ∝ M2,
which may be partly explained by AGN feedback-induced
size growth.
4.3 Cusp/core transformation
The flattening in density profiles of both the stellar and dark
matter component can be seen in Fig. 8(b) as a decrease in
enclosed mass at small radii (< 1 kpc). Fig. 12 shows the
actual density profiles of stars and dark matter for z = 6.2
and z = 3.3 and shows that these profiles flatten significantly
over this redshift range. The flattened density profiles are
more compatible with the observations of both the stellar
and dark matter profiles. Massive elliptical galaxies exhibit
very shallow slopes in the stellar surface brightness profiles
within small radii of ≈ 1 kpc (see Quillen et al. 2000; Laine
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Figure 12. Stellar and dark matter density profiles for Halo1 in-
dicated with dashed and solid lines, respectively. The profiles are
shown at z = 6.2 and z = 3.3 in red and green, respectively. The
vertical grey region marks the range of the gravitational softening
lengths found between z = 6.2 and z = 3.3. The stellar density
profile develops a prominent ∼ kpc sized core by z = 3.3 if AGN
feedback is efficient.
et al. 2003; Graham 2004; Trujillo et al. 2004; Lauer et al.
2005; Coˆte´ et al. 2007; Kormendy et al. 2009; Graham 2013).
Pontzen & Governato (2012) simulated two dwarf galax-
ies with a mass of ∼ 1010M and investigated their evolution
under the influence of supernova feedback. The mass scale of
these simulations is different to our scale mass, as our sim-
ulations investigate the high mass end of the galaxy mass
function. They also found that the potential in the cen-
tral kiloparsec changes on sub-dynamical time-scales over
the redshift interval 4 > z > 2. These changes were, in con-
trast to our simulations, induced by feedback from central
bursts of star formation. They also show that the fluctua-
tions irreversibly transfer energy into collisionless particles,
thus generating the dark matter core, as had been shown
much earlier by Navarro et al. (1996). Observations that sug-
gest some dwarf galaxies contain AGN in their nuclei (e.g.
Pardo et al. 2016; Penny et al. 2018). It will be interesting
to explore whether AGN could shape the stellar and dark
matter profiles also in dwarf galaxies in the future.
Martizzi et al. (2013) also find that AGN feedback can
induce a cusp-core transformation, which they showed by
using idealised, controlled simulations to follow the response
of a massive, cluster-like dark matter halo to feedback from a
central black hole of MBH = 109M over 3.5 Gyr. They fitted
a power law to the density profiles, in the region 0.4 < R < 8
kpc, showing a similar flattening of the slope of the dark
matter profile.
Peirani et al. (2017, 2019) used the HORIZON and
HORIZON-AGN simulations to investigate how AGN feed-
back affects the evolution of the inner density profiles of
massive dark matter haloes (5 × 1011M - 1 × 1013M) and
the associated galaxies. They find that the density profiles
significantly evolve with time. At z ≈ 1.5, the mean halo
density profiles flatten in the presence of AGN activity. At
z = 0, the halo (total) density profiles drift back to a more
cusped shape, as the AGN feedback efficiency drops. It will
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be interesting to see if the dark matter profiles in high-z
quasar host galaxies experience a similar evolution at lower
redshift (z ≤ 2).
5 SUMMARY & CONCLUSIONS
We have performed a suite of cosmological, zoom-in hydro-
dynamical simulations using the moving mesh code AREPO
in order to investigate how the stellar component of the
galaxies hosting z = 6 quasars evolve after their initial pe-
riod of rapid black hole growth. Our main findings are:
• Stellar compact bulges with peak stellar circular veloc-
ities in the range 300− 500 km s−1 and scale radii of ≈ 300 pc
form by z = 6 even in the presence of strong AGN feed-
back. While strong outflows are generated (see e.g. Costa
et al. 2015), their impact on the structure of the quasar host
galaxy at z = 6 is marginal.
• The quasar host galaxies remain velocity dispersion
dominated ellipticals in the presence of AGN feedback, while
they become disc-like in its absence.
• Despite their high binding energy, all compact bulges
in our quasar systems experience considerable size growth
from ≈ 300 pc at z ≈ 6 to ≈ 5 kpc at z ≈ 3.
• Size growth is accompanied by a drop in the circu-
lar velocity, which falls from high values in the range 300-
−500 km s−1 to 200−300 km s−1. This expansion of the central
stellar bulge is seen only if AGN feedback is included.
• The inner stellar and dark matter density profiles are
flattened in the presence of AGN feedback. In the absence
of AGN feedback, the compact bulge does not grow signifi-
cantly in size and the inner dark matter and stellar density
profiles instead become steeper.
• We show that bursty AGN feedback drives fluctuations
in the gravitational potential in the innermost few kpc of the
quasar host galaxies. We show that these fluctuations lead
to the gradual expansion of the collisionless (stellar and dark
matter) components.
• We explicitly verify that switching-off AGN feedback
half-way through the simulation leads to an interruption in
galaxy size growth and the fluctuations driven by AGN feed-
back, showing that AGN feedback is directly responsible for
the generation of a stellar core.
We thus conclude that AGN-driven outflows may be a
key ingredient in generating stellar cores at the centre of
massive, elliptical galaxies. In fact, the generation of cored
stellar profiles is a test to the ability of AGN-driven outflows
to remove large amounts of the ISM on short time-scales.
This mechanism is also a potential alternative (or may op-
erate in addition) to ‘scouring’ by binary black holes (e.g.
Rantala et al. 2018). AGN-driven outflows may also be re-
sponsible for kick-starting the size growth of massive galax-
ies in the high-redshift Universe, before size growth proceeds
through dry mergers. AGN may thus not only suppress the
ability of massive galaxies to form stars, but also shape the
gravitational potential that facilitates black hole accretion
and star formation to begin with.
A crucial next step will be to investigate the potential
of AGN feedback to drive galaxy size growth in cosmological
boxes with a large number of galaxies. In addition, higher
resolution and additional physical processes (AGN and stel-
lar radiation) as well as an exploration of the effect of dif-
ferent feedback mechanisms will prove essential. It is likely
that different AGN feedback models will affect galaxy size
growth differently, depending on where the energy is effec-
tively injected (halo gas vs. ISM) and on how much gas
AGN outflows are able to eject. This means that observa-
tional constraints of the inner structure of massive galaxies
in particular at z & 2 are direct tests to the ability of AGN-
driven outflows to expel the central ISM and may ultimately
be used to narrow down on the coupling efficiency of AGN
feedback.
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